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Abstract 

The factorization property of graviton scattering amplitudes is re- 
viewed and shown to be valid only if the "natural" value of the gyro- 
magnetic ratio gs = 2 is employed — independent of spin. 
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1 Introduction 



Over the years there have been a number of speculations concerning the "nat- 
ural" value of the g-factor (gyromagnetic ratio) for a particle of arbitrary spin. 
These basically fall into two categories. The first is the Belinfante conjecture, 
which asserts that the "natural" value is gs — 1/S for a particle of spin S\J\. 
This hypothesis reproduces the well-known Dirac value — g$=± = 2 — for a 
particle of spin 1/2 but predicts smaller numbers for particles of higher spin. 
A second proposal is that the value gs = 2 is the "natural" value independent 
of spin[2J. Of course, in some sense any such speculation is somewhat meta- 
physical in that a "natural" value for the g-factor has no experimental basis 
for particles which participate in the strong interactions. One case which does 
have direct empirical support is that of the charged leptons which, carrying 
spin 1/2, agree with their Dirac value — gDirac = 2 — up to small electromag- 
netic corrections [3 . The only other case which has empirical support is that 
of the charged P^-boson, which for reasons discussed below, has gy/=1 m the 
standard model|4 s . The present experimental limits — g = 2.20 ±0.200 — are 
in agreement with the standard model prediction. 

Below then in section 2 we briefly review the previous arguments in this 
regard, while in section 3 we present a new argument which favors the hypoth- 
esis gs = 2 — the factorization of gravitational amplitudes. A brief concluding 
section follows. 

2 "Natural" g-factor 

Every student learns in his/her first quantum mechanics course that the 
"natural" value for the g-factor of a spin-1/2 particle is its Dirac value — 
g s= ± = 2 — and this result is strongly confirmed experimentally in the case 
of the charged leptons (e, /i,r) up to small electromagnetic corrections 
Of course, for particles such as the proton, which possesses an experimental 
g-factor nearly three times this value, one is not surprised because the "natu- 
ral" value of 2 is modified by large strong interaction corrections. In fact, this 
is the situation with nearly every other known particle — strong interaction 
corrections obliterate any underlying "bare" value of the g-factor, making any 
direct experimental confrontation impossible. Nevertheless, it is intriguing to 
speculate theoretically what this value might be. One of the first physicists 
to do so was Belinfante [I] . Using minimal substitution he calculated directly 
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the g- factor for a charged particle carrying 3/2 and determined gg = 3 =2/3. 
Knowing the result for unit spin [5] — 9s=i = 1 — ne suggested that the "nat- 
ural" value for particles of arbitrary spin S is gs — 1/S. This proposal has 
become known as the "Belinfante conjecture" and has in fact been confirmed 
rigorously by later authors in the case that the electromagnetic interaction 
is introduced via minimal substitution 6 . 

Despite this theoretical confirmation there have developed a number of 
reasons to doubt the naturalness of Belinfante's suggestion. One is the feature 
that besides the charged leptons, the only other charged particle which does 
not have strong interactions — the W /± -boson — does not obey this prediction. 
Rather, in the standard model we have gw± = 2jl]. Since, as mentioned 
above, this number has been confirmed experimentally, it is important to 
understand where the difference from Belinfante's calculation comes about. 

2.1 W ± Boson 

A neutral spin 1 field 4>^{x) having mass m is described by the Proca La- 
grangian density, which is of the form[7j 

C(x) = - l -U, u (x)U^(x) + l -m 2 <P,(x)r(x) (1) 

where 

U^(x) = idpfoix) - idvQpix) (2) 

is the spin 1 field tensor. If the particle has charge e, we can generate a gauge- 
invariant form of Eq. Qby use of the well-known minimal substitution[H]- 
defining 

TV = id^ - eA^x) (3) 

and 

U^ v (x) = TT^uix) - Ti u <P^{x) (4) 

the charged Proca Lagrangian density becomes 

= -\uU*W u {x) + m^KxWix) (5) 
Introducing the left-right derivative 

D(x)Vf(x) = D(x)VF(x) - (VD(x))F(x) (6) 
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the single-photon component of the interaction can be written as 

C int (x) = teA^(x)r\x)[ VaP V, - t^VJ^x) + Va ^V^ at (x))^(x) (7) 

so that the on-shell matrix element of the electromagnetic current becomes 

1 e 
^== < Pf, tB\j»\Pi> e A >= ~ fi^jE. [ 2P ^b ■ <U - e Afl e B ■ q + e* Bil e A ■ q] 

(8) 

where we have used the property Pf-e* B = Pi-e A = for the Proca polarization 
vectors. If we now look at the spatial piece of this term we find 

< pf,e B \e^-j\pi,e A >- —eyXq-i B xe A = — < l,m f \S\l,mi > -B 



(9) 

where we have used the result that in the Breit frame for a nonrelativistically 
moving particle 

ie* B x e A =< l,m f \S\l,mi > (10) 

which we recognize as representing a magnetic moment interaction with g=l. 
On the other hand if we take the time component of Eq. IHJ we find, again in 
the Breit frame and a nonrelativistically moving system 



Using 



1 i ■ i 

<p f , eB\e<yyjo\pi, e A >~ -ee 07 



o 1 * -» o 1 ** -> 

e A - 7^—£A -q, e B ~ -— e B ■ q 
2m 2m 

e* B -e A ~ -e* B ■ e A - - — ^-e^ ■ qe A ■ q (12) 



2m 

we observe that 

1 



< Pf, ^B\e 07 jo\Pi, >^ ee 0l e* B ■ e A (13) 



which is the expected electric monopole term — any electric quadrupole con- 
tributions have cancelled jH]- Overall then, Eq. |H] corresponds to a simple 
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EO interaction with the charge accompanied by an Ml interaction with g- 
factor unity, which is consistent with the speculation by Belinfante that for 
a particle of spin S, g = l/SpE]. 

Despite this suggestively simple result, however, Eq. [I] does not correctly 
describe the interaction of the charged W^-boson field, due to the feature 
that the are components of an SU(2) vector field 4^. The proper Proca 
Lagrangian has the form 

C(x) = -\ul(x) ■ U^{x) + \m^{x) ■ r(x) (14) 

where the field tensor U^^x) contains an additional term on account of gauge 
invariance 

U^ v {x) = n tl U u {x) - ituU^x) - igU^x) x U u (x) (15) 

with g being the SU(2) electroweak coupling coupling constant. The La- 
grange density Eq. El then contains the piece 

C int (x) = -gW°^(x)(W+\x)W+(x) - W-\x)W-)(x) (16) 

among (many) others. However, in the standard model the neutral member 
of the W-triplet is a linear combination of Z° and photon fields [ 10 - 

Wj = cos 9 w Zl + sin 9 W A„ (17) 

and, since g sin 9w = e, we have a term in the interaction Lagrangian 

= -eF^(x)(W^(x)W+(x) - W^(x)W~(x)) (18) 

which represents an additional interaction that must be appended to the 
convention Proca result. In the Breit frame and for a nonrelativistically 
moving system we have 

1 C g > > 

< PMbK-^Wa >- ^x^xe, = — < hm f \S\l, mi > -B 

(19) 

and 

-^== < Pf,e B \A% i ,e A >^ - e ^e\? B .q-e* m e A .q) = ~^qe A -q 

(20) 



4 



The first piece — Eq. [H|l — constitutes an additional magnetic moment and 
modifies the W-boson g-factor from its Belinfante value of unity to its stan- 
dard model value of 2. Using 

1 1 12 

2( e *Bi e Aj + ^Aie* Bj )--S ij e* B -i A =< l,mf\-(SiSj+S j Si)--6 ij \l,mi > (21) 

we observe that the second component — Eq. 1201 — implies the existence of 
a quadrupole moment of size Q = —e/M^. Both of these results are well 
known predictions of the standard model for the charged vector bosons and 
the standard model prediction for the g-factor is experimentally confirmed — 
g w = 2.20 ±0.20 0. 

Of course, a single example does not constitute a compelling case, but it 
has recently been suggested, from a number of viewpoints, that the "natural" 
value of the gyromagnetic ratio for a particle of arbitrary spin is gs=2[2|- We 
shall briefly review these arguments below and then will present a argument 
which buttresses this assertion. 



Perhaps the first author to suggest the importance of g$ = 2 was Weinberg 
who, in Brandeis lecture notes, examined the low energy limit of Comp- 
ton scattering [IT]. In this way he was able to generalize the Gerasimov- 
Drell-Hearn (GDH) sum rule, which relates a particle's anomalous mag- 
netic moment to a weighted integral over its polarized photoabsorption cross 
sections^] • in the case of spin 1/2 this was shown by GDH to have the form 



is the difference between the cross section measured with the incoming photon 
and target polarizations parallel and antiparallel. The sum rule has been well 
tested and has been shown to work in the case of the nucleonjT2]. Weinberg 
demonstrated that the sum rule can be generalized to arbitrary spin provided 
one defines the anomalous magnetic moment via — 



2.2 GDH Sum Rule 




(22) 



where k is the nucleon anomalous magnetic moment and 



Aa s (u) = (Ts(u) — <tx{u) 



eS 



gs{i + «) 



2m 
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Figure 1: Diagrams relevant to Compton scattering. 



with gs = 2 — independent of spin. From the perspective of the GDH sum 
rule then it is suggestive that the "natural" value of the g-factor is gs = 
2|llj. However, there also exists an argument from the realm of high energy 
Compton scattering 0. 

2.3 Compton Scattering at High Energy 

We next examine high energy Compton scattering from a basic spin-S 1 target 
having mass m and charge e, and consider the case of spin one. As discussed 
above, the simple Proca interaction for a charged spin 1 system yields the 
Feynman rules for photon interactions [5. 



pp 1 ■ = -i e {{p f + Pi )^g a p - g Pll \gpf a - {g - l)p ia ) - g a ^[gp lf 3 - (g - l)Pfp]} 



where, for generality, we have included an anomalous moment (Pauli) inter- 
action of the form 



Calculation of the three lowest order diagrams shown in Figure 1 then 



PP77 : 



ie 2 {2g flu g a(3 - g m g v p - g^g va ) 



(23) 



PP 1 := -ie(g - l)F^{W^W+ - W^W~) 



(24) 
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yields the result 



e 2 {2e A ■ e* B 



£i-Pi£fPf £i-Pf£fPi 



<j e A -[e* f ,k f ]-e* E 

e A ■ [ei,ki] ■ e* B 
1 



Pi ■ 


k{ 


Pi 


■ k 




' £i ■ 


Pi U • 


Pf 


4( 


.Pi ■ 


ki Pi ■ 






■Pf 


e}- Pi 


)] 


\Pi 


■ k{ 


Pi ■ k f 





6; • e, 



f 



9' 



2pi ■ k, 



e A ■ [e i} h] ■ [e* f ,kf] ■ e* B 



2pi ■ k f 
(9 ~ 2) 2 



e A ■ [e},k f ] ■ [ei,ki] ■ e* B 
1 



2pi ■ kj 



e A ■ [ei,ki] -pi€* B ■ [e* f ,kf] ■ p f 



-e A ■ [e* f ,kf] -pit B ■ faki] - Pi 



(25) 



2 Pi -k f ~" lC/ ' 

where we have defined 

S ■ [Q, R] ■ T = S ■ QT ■ R - S ■ RT ■ Q. 

The interesting terms here are those on the last two lines, which are pro- 
portional to the factor 1/m 2 . They arise from the Born diagrams via the 
kakp/m 2 terms of the spin-one propagator 



D af j(k) 



k 2 — m 2 



-9a(3 + 



k a k/3 
m 2 



(26) 



and reveal that if we take the limit as the mass becomes small the Compton 
amplitude will diverge, violating unitarity at a photon energy u>i ~ m unless 
the gyromagnetic ratio has the value g = 2, and this same condition can be 
shown to assure the absence of 1/m 2 terms for arbitrary spinal Again, this 
result is certainly suggests that the "natural" value of the g-factor is gs = 2, 
in agreement with the result found from the GDH sum rule. 



2.4 Graviton Scattering and Factorization 

Having reviewed "old" results |13., we now present a new argument which 
makes the case for g = 2 — factorization of graviton scattering amplitudes. 
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(a) 





(c) (d) 

Figure 2: Diagrams relevant for gravitational Compton scattering. 



Based on string theory arguments it has recently been pointed out that 
the elastic scattering of gravitons from a "bare" target of arbitrary spin 
should factorize . This condition had been found earlier by Song et al. 
from gauge theory considerations jTJ]. That is, the graviton is a particle of 
spin 2 whose polarization tensor can be written, in harmonic gauge, which 
we use henceforth, as a simple product of corresponding spin one photon 
polarization vectors — 



,±2 
-/iv 



e ±1 e ±1 



The elastic scattering of gravitons from a target of arbitrary spin is con- 
structed by summing the four diagrams shown in Figure 2, consisting of two 
Born pieces, a seagull term, and the graviton pole diagram. The factoriza- 
tion theorem asserts that for scattering from a target of spin S, the graviton 
scattering amplitude from an " ideal" target particle of spin S can be written 
in the form 



-faP lvl graviton\' J l^ip-v 



K 

8e4 



\ e *fa^-ComptorX^) e 



'Hi X [ e )f3^C U ompton^) e iA ( 2 ^) 



where Mg^^ ton (S) is the elastic graviton scattering amplitude from a system 
of spin S, Aco mpton (S) is the elastic Compton amplitude from a target of spin 
S and charge e, F is the kinematic factor 



Pi ■ km ■ h 
hi ■ k 2 



(28) 
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and k 2 = 32ttG is the gravitional coupling This is a remarkable result and 
dramatically simplifies the evaluation of graviton scattering. In the case of 
spin the calculation is fairly straightforward. The four diagrams which 
must be included in order to satisfy gauge invariance are shown in Figure 2. 
From the Klein-Gordon Lagrangian 



£ 5=o = -(^0^0-m 2 2 ) 
we find the one- and two- graviton vertices [TTJj 



(29) 



T a p(P,p') 



—IK 



IK 



(PaP'p + p' a Pp - Vap(p -p - m 2 )) 



- ^ (VapIpa^S + Vislpa^p) P^P" 



(30) 



while the triple graviton vertex has the form[T7] 



t: 



(k,q) 



IK 

y 



k"k u + (k — qY{k - qf + <f<f - -rj^q 2 



+ 2q x q a [l Xa ' a pI^' lS + I X ^ l5 I^ a p - I Xfl < 

+ [qxq p (VapI Xu '-yS + V^'ap) + q\q u (v*pI XfM, y5 + V^I Xp ' a p) 

- q 2 (vapi^\s + Vjsi^'ap) - v^q x q a (vapi~,sM + v^Lpm)] 
+ \2q x {r u ' a pL lSM {k - q y + r»' a pi 1&M {k - q y 

- I aI/ '-ysI a /3 t x (7 k' 1 — I^^sIaPM^) 

+ q 2 (I^ a pI lS ,a U + I a p/I^' lS ) + rj^q X q a (Iap,x p I pa ' lS + I,s,x p I pa > 
+ \{k 2 + {k- qf) (l a ^ a pl l5 / + I^'apl^ - ~V^P*p, 7 6) 

- (k\ s I p,/ ' a p + (k- g)W"V)l } 
where we have defined 

1 



lap,iw = ^(Va^VPu + VauVPv) 



and 



aP,fiu 



IaP,fiv c^aP^iiv 



(32) 
(33) 



The other component which we require is the graviton propagator, which has 
the form in harmonic gauge 

D a ,-,M = (34) 

It is now straightforward (though tedious) to evaluate the four diagrams, 
yielding 
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Graviton Scattering: Spin 



Born - a : Amp a (S = 0) = -k 2 
Born - b : A.mp b (S = 0) = K 



Pi ' ki 

2 y€* r p i ) 2 (e i -p f ) 2 



Pi ■ k f 



Seagull : Amp c (S = 0) = k 2 
g — pole : Amp (J (S' = 0) 



e* f ■ £i(ei • Pie) • p/ + e 4 • p f e* f ■ p t ) - -ki ■ k f (e* f ■ erf 

.2 

[e} ■ p f e* f ■ Pi (ei ■ (pi-p f )) 2 



+ ei-piti-p } (e* r (pi-p } )) 2 

+ €i ■ (pi -Pf)e* f - (p f - Pi)(e* f ■ p f €i -Pi + e}- Pie { ■ p f ) 

- e* f -€i (et ■ (pi - p f )e* f ■ (p f - pi) (pi -pf-m 2 ) 

+ ki ■ k f (e* f ■ p f €i -Pi + e* r p^ ■ pf) + e, t ■ (p< - p f )(e} ■ p f Pi ■ k f + e* f ■ pip f 

+ e* f ■ (p f - (a ■ PiPf -ki + ei- p f pi ■ ki)) 

+ (e* f ■ e { ) 2 (pi ■ hp f -ki+pi- k f p f • - ^(p* • k { p s -k f +pi- k f p f ■ ki) 
3 

+ -jki'kf{Pi-Pf -m 2 ) 

and when combined, one verifies that 

Amp a (S = 0) + Amp b (S = 0) + Amp c (,S = 0) + Amp d (S = 0) 



8e 4 



F x [Amp Compton (S = 0)f 



where 

on 



(S = 0) = 2e 2 



£i-Pi£fPf £i-Pf£fPi 



Pi -h Pi- k f 

is the Compton scattering amplitude from a spinless target 



e r e t 



(36) 



(37) 
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Similarly in the case of spin 1/2 we must use the vierbein e a M in order to 
define the Dirac Lagrangian[16 



C s= i = ^{yfefDp - m)ip 
where the covariant derivative is given by 



4 



(38) 



(39) 



with 



The resulting one and two graviton vertices are then: 



(40) 



-IK 



in 2 j-~(^G/+i/) -m)P a ^ s 



16 



[VapMP + P')S + 7*(P + P) 



+ Vys(la(p + P)f3 + Il3(p + P)a)} 

+ ^{p + p'YiHh^iK,^ + i^siK,*?) 



(41) 



The calculation is somewhat more challenging than in the case of spin 
because of the Dirac algebra, but is still straightforward. Indeed, evaluating 
the same diagrams we find the individual contributions: 
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Graviton Scattering: Spin | 



Born — a : 


Amp a (S 


-3) 


Born — b : 


Amp b (S 


■5) 


Seagull : 


Amp c {S 


-3) 




i * 
~ 16^ 




g — pole : 


Amp d {S 


-5) 



8pi ■ ki 
2 e* f -piEi -p f 

8pi ■ k f 
3 



u(Pf)Wi(^i- ftf + m ) ff]u(Pi) 



16 



e) ■ ■ (Pi+Pf)+ ffti ■ (Pi+Pf)) 



Hp) 



u{Pi) 



-u 



(Pf) 



16/cj • kf 

x [I6i€* f ■ €i(-2ei ■ (pi + Pf)e* f -ki + e*f ah ■ (pi + Pf)) 
+ J6 f e* f ■ ei(-2e* f ■ (pi + p f )€i -k f + e*f • (p t 

+ 4 ^[ej • ki(€i ■ p { e* f -p f -e* r pfy ■ p } ) + e* f ■ e^e} ■ PiP f ■ h L - e* f ■ p f k { 
+ 4 ff[ei- k f {ti ■ pit) -pf-tf piti ■ pf) + e* f ■ afe • p f k f ■ p t - a • Pik f 
x u{pi) 

Combining these terms, we reproduce again the factorization condition, but 
now in the form 

Amp a (5 = i) + Am Pb ( 1 S = i) + Amp c ( 1 S = i)+Amp d ( 1 S = i) 

K 2 1 
= 1^A F * [ Am PCompton( S = °)1 * [ Am PCompton = 7})] 



(43) 



where 

Am PComptonW 



1, 

2' 



e 2 u(p f ) 



}(#+ h + m) £ iHf- fa + m) ff 



2pi ■ h 

is the spin 1/2 Compton scattering amplitude. 



2p f ■ h 



u{Pi) 
(44) 
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Thus far we have verified factorization for spin and spin 1/2, but we 
have learned nothing about conditions on the g-factor for particles of higher 
spin. This situation changes when we move to the case of spin 1, for which 
we use the Proca equation [7] discussed above. The one- and two-graviton 
vertices are then found to be 

- Pipip2 l J]vo l +P2vr) afi ) 

- P2a(PlpVv/3 + PluVPp) 

+ (Pi • P2 - m 2 )(llva11vf3 + V^Vua) 

- Vnv [(pi ■ P2 - m 2 )ri a p - pi/tffca] } 

+ Vpp iVaf) iPluP2a + P\aP2v) ~ VcvPlflPto ~ Vl3uPlaP2a 

V/3crPlvP2a T]aoPlj3P2v + (pi-p2-m ){r]auV^ + VcurVfr)] 
+ Vncr IVa? {p\uP2p + P\pP2v) ~ VauPipP2p ~ VpuPlpP2a 

- Vi3pPlvP2a ~ r}apPl/3P2u + (Pi • P2 ~ m 2 )7] au 7]p p + TJapVPu)) 
+ T}vp\n a fi{P^P2a + P\aP2p) ~ VapPl^a ~ V(3pPl*P2a 

~ V^PlpP2a ~ VaaPipP2 t , + (Pi ' P2 ~ m 2 )(r] ap 7]p a + r] aa 7]p p )} 
+ r}va[n<xp{PlnP2p + P\pP2p) ~ VapPlf3P2p ~ Vf3pPlpP2a 

V(3pPlpP2a ~ VapPl(3P2p + {pi-p 2 -m )(r)av,T)l3p + VapVpp)} 

- Vp4Vaf3(PlpP2a + P\aP2p) ~ VapPipP2a ~ VPpPlcrP2a 

~ V/3<rPlpP2a ~ VaaPipP2p + (Pi ' P2 ~ m 2 )(r] ap r]p a + r](3pVacr)} 

- VpA 7 laf3(pipP2u + P\vP2p) - T]ap,PipP2p ~ T}0nPlvP2a 

~ VdvPlnP2a ~ VavPipP2p, + (Pi • P2 ~ m 2 )^^^ + T]^^)} 

+ (VapPlp ~ VapPlp) {VpaP2v ~ VPn&hr) 

+ (r]aaPlv - Va l sPla)rif3pP2p ~ °<}(lpP2p) 

+ (VaaPlp, ~ VapPla)(Vl3pP2u ~ V/3uP2p) 

+ (VapPlv - VavPlp)(llp*P2p ~ VP/iPto)} ( 45 ) 

and the individual contributions from the four diagrams are somewhat more 
complex: 
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Graviton Scattering: Spin 1 



Born - a : Amp a (S = 1) = k 2 1 [(a ■ Pi) 2 {e* f ■ Pf) 2 e A ■ e* B 

- (e* f ■ Pf) 2 €i ■ pi(e A ■ he* B -ei + e A - • pi) 

- (ei • Pift) ■ p f (e* B ■ e}e A • Pf + e* B ■ k f e A ■ e* f ) 

+ €i ■ Pi6* f ■ p f €i ■ p f e A ■ ki€* B -e* f + ei- Pi€* f ■ p f e* f ■ Pi€ A ■ e^* B • kf 

+ (e} • Pf) 2 e* B ■ tit A ■ tiPi ■ ki + (e» • Pi) 2 e* B ■ e* f e A ■ e* f p f ■ k f 

+ €i ■ pi€* f ■ Pf(e A ■ ki€* B ■ k f €i -e* f + e B - e* f e A ■ e { pi ■ p f ) 

- a ■ Pi€* f ■ pit* B ■ e* f e A ■ €ip f -kf — e*f p f €i ■ p f e A ■ e { e B ■ e* f Pi ■ k t 

- €i ■ pi€ A ■ kit* B ■ e* f e* f ■ €ip f - kf - e* f - p f e* B ■ k f e A ■ ■ e* f pi ■ h 
+ e A ■ €ie* B ■ e* f pi ■ k&f • k f €i ■ e* f - m 2 e* B ■ e* f e A ■ e^) -p^- p t ] 

Born - b : Amp b (S = 1) = -k 2 1 [(e} • Pi) 2 ^ ■ p f ) 2 e A ■ e* B 

^Pi ' ™/ 

+ ( e i ■ PfY e } ■ Pi( e A ■ k f e* B ■ e* f - e A ■ e* f e* B ■ p^ 

+ (e) • pi) 2 €i ■ p f (e* B ■ ki€ A ■ €i - e* B ■ eie A ■ p f ) 

- e* f ■ pi€i ■ p f e* f ■ p f e A ■ k f e* B ■ €i - e* f ■ piti ■ p f €i ■ pi€ A ■ e* f e* B ■ ki 

- (ei • Pf) 2 e* B ■ e* f e A ■ e* f pi ■ k f - (e* f ■ Pi) 2 e* B ■ e^e A ■ €ip f ■ k { 
+ e* f ■ p^i ■ Pf(e A ■ k f e* B ■ kiti ■ e* f + e* B ■ e.ie A ■ e* f pi ■ p f ) 

+ e) ■ p^ ■ Pit* B ■ €i€ A ■ e* f pf ■ ki + €i- p f e* f ■ p f e A ■ e* f e* B ■ e&i ■ k f 

- e* f ■ pi€ A ■ k f e* B ■ €i€i ■ e* f pf ki - €i ■ p f e* B ■ he A ■ e* f e* f ■ €iPi ■ k f 
+ e A ■ e* f e* B ■ ■ k f p f - kfy ■ e* f - m 2 e* B ■ tie A ■ e}e, • p f e* f ■ p t ] 

K 2 

seagull : Amp c (5' = 1) = — ^K e » ' e *f) 2 ( m2 ~ Pi 'Pf) e A ■ e* B + e A -pfe* B ■ p^ ■ e* f ) 2 

+ €i ■ pi€* f ■ Pf(2ei ■ e* f e A ■ e* B - 2e A ■ e 2 e* B ■ e ± ) 

+ e i ■ Pft) ■ Pifai ■ e* f e A ■ e* B - 2e A ■ ■ e* f ) 

+ 2ti ■ -Pf€ A - e* f e* B ■ e* f + 2e} • p f e* f ■ p, t e A ■ • e< 

- 2ei ■ pi€i ■ e* f e A ■ p f e* B ■ e* f - 2e* f •■p J e i - e* f e A ■ e^e} • pi 

- 2ei -pfti- e* f e A ■ e* f e* B ■ p t - 2e* f ■ p^ ■ e* f e* B ■ e { e A ■ p f 

- 2(m 2 - p f ■ pi)ei ■ e* f (e A ■ e L e B ■ e* f + e A ■ e* f e* B ■ a)] (46) 
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and finally the (lengthy) graviton pole contribution is 

K 2 

g - pole : Amp d (S = 1) = ~ 16fe . kf { e *B ' 6 a[(^ • ^ f ) 2 (^h ■ p { p s ■ k { + Ak f ■ p t kf ■ p f 

- 2(pi ■ kiPf ■ k f +p f ■ k^ ■ k f ) + 6pi -pjh ■ k f ) 
+ 4((ei • k f ) 2 e* f ■Pf€* f -p i + (e* f ■ hfei ■ p^ ■ p f 
+ a ■ k f e* f ■ ki(ei ■ pi€* f -pf + ti- p f e* f ■ p^) 

- Ae, t • e* f (ei ■ k f (e* f ■ pip f ■ k f + e* f ■ p f k f ■ p t ) 
+ e* f ■ ki(ei- PiPf ■ h + €i- pfPi- hi)) 

- Aki ■ k f €i ■ e* f (ti ■ pie* f -pf + ei- p f e* f ■ p t ) - Ap { ■ p f t { ■ e}e; ■ k f e* f ■ h] 

- (Pi-Pf^B - e A-e* B -Pi€ A •p / )[10(e i • e* f ) 2 ki ■ kf + Aet ■ efa ■ k f e* f ■ k { 

- 4(ej • e* f ) 2 ki ■ k f - 8ci • e* f €i ■ k f e* f ■ h] 

+ ( Pi ■ p f - m 2 )[( ei • e}) 2 (Ae A • k t e* B ■ k, t + Ae A ■ k f e* B ■ k f 

- 2(e A ■ ki€* B ■ k f + e A - k f e* B ■ h) + Qe* B ■ e A h ■ kf) 
+ 4[(ei • k f ) 2 e A ■ e* f e* B ■ e* f + (e* f ■ h) 2 e A ■ ■ e { 

+ €i ■ kfe) ■ k f (e A ■ ei€* B -e*f + e A - e* f e* B ■ e*)] 

- Aei ■ e f [ei ■ k f (e A • e* f e* B ■ k f + e* B ■ e* f e A ■ kf) 
+ e} • ki(e A ■ €ie* B ■ h + e* B ■ e^ A ■ ki) 

+ h ■ kf(e A ■ ei€* B ■ e* f + e* B ■ e^e A ■ e* f ) + e A ■ e* B €i ■ k f e* f ■ h}} 

- 2e A ■ Pf[(e* f ■ ei) 2 [2e* B ■ k(Pi ■ k t + 2e* B ■ k f p t ■ k f + 3e* B ■ p^ ■ k f 

- (e* B ' kiPi ■ k f + e* B - k f pi ■ fcj)] 

+ 2(e; • k f ) 2 e* B ■ e f e f ■ pi + 2(e* f ■ h) 2 e B ■ • pi 

+ 2ei ■ k f e* f ■ ki(e* B ■ e^) ■ Pi + e» • p^ ■ e* f ) 

- 2ei ■ e* f [ei ■ k f (e* B ■ e* f pi ■ k f + e* f ■ pit* B ■ kf) 
+ e* f ■ ki(e* B ■ eiPi ■ ki + e* B - k^ ■ pi)\ 

- 2ki -kf€i- e* f (e B ■ e^e} ■ Pi + e* B ■ e*^ ■ pi) - 2e* B ■ p^ ■ e*^ ■ k f e* f ■ k t ] 

- 2e* B ■ Pi[(e* f ■ ei) 2 [2t A ■ k(Pf ■ k t + 2e A ■ k f p f ■ k f + 3e A ■ p f ki ■ k f 

- (e A ■ k iPf -k f + e A - k f p f ■ kf)] 

+ 2(ti ■ k f ) 2 e A ■ e f e* f ■ p f + 2(e* f ■ ki) 2 e A ■ • p f 

+ 2ei ■ kf€ f ■ ki(e A ■ €i€* f -pf + ti- p f e A ■ e* f 

- 2ei ■ e}[e; • k f (e A ■ e* f p f ■ k f + e* f ■ p f e A ■ k f ) 
+ e* f ■ ki(e A ■ €ip f ■ ki + e A - k^ ■ p f )] 

- 2ki ■ kfti ■ e* f (e A ■ -p f + e A - t* f ti ■ p f ) - 2e A ■ p f ti ■ t* f t% • k f e* f ■ h}} 

16 (47) 



Nevertheless, when combined (after considerable effort) one finds once again 
the factorization condition to be valid, this time in the form 

Amp a (S = 1) + Amp b (S = 1) + Amp c (3 = 1) + Amp^S = 1) 
k 2 

= ^ F * [ Am Pcom P ton(S = 0)] * [Amp Compton (S = l,g = 2)] 

(48) 

where Amp Compton (S = 1, g = 2) is the Compton scattering amplitude quoted 
earlier in Eq. with the g-f actor set equal to 2. 

From the gravitational side of Eq, 021 the full graviton scattering ampli- 
tude might naively be expected to contain terms proportional to 1/m 2 from 
the Born diagrams and the piece of the spin 1 propagator proportional to 
1/m 2 . However, this does not occur, as can be seen from the half-off-shell 
form of the single graviton coupling given above 

< p 2 , A|T^|pi, e A > = e A x(p 2fJ ,pi l/ + P\vP2^) + g^Pi\e A • P2 

~ Pl\{P2^Au + P2u^Afi) ~ £A ■ P2(Pl fl g\ V + Plu9^f) 

+ (P2 ■ Pi ~ m 2 )(g x ^e Au + e Af ig\u ~ g^A\) (49) 

Setting P2 = pi + k and contracting with the intermediate state momentum 
(pi + k) x we find a result proportional to m 2 — 

(pi + k) x < pi+h, A|T^|pi, e A >= m 2 (g flu e A -k 1 -e Atl (p 1 + ki) u -e Au (p 1 + k 1 ) fl ) 

(50) 

This term cancels the factor 1/m 2 from the spin one propagator so that no 
term proportional to 1/m 2 survives in the Born amplitude and this vanish- 
ing of terms which diverge as m — * can be shown to be a general property 
regardless of the spin of the target. If we acknowledge the validity of the 
factorization result, then the vanishing of 1/m 2 terms in the gravitational 
amplitude can only result from the vanishing of such terms in the corre- 
sponding Compton amplitude, which we have already argued occurs only 
if the value g = 2 is chosen, so from a new standpoint — -factorization of 
graviton scattering amplitudes — we see again that the "natural" value for 
the g-f actor is gs = 2. 

3 Conclusions 

Above we have examined the question of the "natural" value for the g-f actor 
of a particle of spin S. Although the simple minimal substitution gives rise to 
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the Belinfante conjecture gs = 1/S^lJ, we pointed out that more recent stud- 
ies have suggested a correctness of a universal value — gs = 2 — independent 
of spin. We first pointed out that this arises from the well known features: 

i) the standard model g-factor of the charged W-boson is 2 

ii) the GDH sum rule provides a measure of the quantity (gs — 2) 2 in 
the case of arbitrary spin[12 . If we use this sum rule to define the 
anomalous magnetic moment then clearly the "natural" value for the 
gyromagnetic ratio is gs = 2jlL 

hi) in high energy Compton scattering from a target of arbitrary spin the 
choice of a gyromagnetic ratio different from 2 leads to terms which 
are divergent in the small mass limit [2] and which violate unitarity at 
photon energies to ~ m. 

We then presented a new argument for the correctness of this assertion — 
factorization in graviton scattering. Gauge invariance and string theory ar- 
guments make the case that the graviton scattering amplitude for a "bare" 
target having spin S should factor into pieces proportional to the product 
of the Compton scattering amplitude for spin times the Compton scat- 
tering amplitude for spin S times a universal kinematic factor. Since the 
graviton scattering amplitude does not contain terms involving the inverse 
mass squared of the target particle, the same must be true for the Compton 
amplitudes, but this is true only if the gyromagnetic ratio has the value 2. 

Again we emphasize that there is little experimental content in this 
prediction — except for the well- verified cases of the charged e, fi, r leptons 
and the charged W boson, all of which carry g ~ 2 in the standard model. 
Nevertheless, the question of the existence of a "natural" value for the g- 
factor is an intriguing one, to which we have provided new input. 
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